Abstract. Investigating the developmental organization of the embryonic nervous system is one of the major challenges in the field of neuroscience. Despite their significance, functional studies on the vertebrate embryonic central nervous system (CNS) have been hampered by the technical limitations associated with conventional electrophysiological methods. The advent of optical techniques using voltage-sensitive dyes, which were developed by Dr. Cohen and his colleagues, has enabled electrical activity in living cells to be monitored noninvasively and also facilitated the simultaneous recording of neural responses from multiple regions. Using optical recording techniques, it is now possible to follow the functional organization of the embryonic CNS and image the spatiotemporal dynamics involved in the formation of this neural network. We herein briefly reviewed optical studies on the embryonic CNS with a special emphasis on methodological considerations and the study of neuronal circuit formation, which demonstrates the utility of fast voltage-sensitive dye imaging as a powerful tool for elucidating the functional organization of the embryonic CNS.
Introduction
Investigating the developmental organization of the embryonic central nervous system (CNS) is one of the major challenges in the field of neuroscience. However, functional studies on the embryonic CNS have been hampered by the technical limitations associated with conventional electrophysiological methods. Since early embryonic neurons are small and fragile, the application of microelectrodes is often difficult. Furthermore, the simultaneous recording of electrical activity from multiple sites is limited, and, as a consequence, spatiotemporal patterns of neural network responses cannot be assessed.
Optical imaging with voltage-sensitive dyes (VSDs) has enabled the functional organization of the embryonic nervous system to be monitored and the spatiotemporal dynamics involved in the formation of this neural network to be imaged. This powerful technique was designed and developed by Dr. Cohen and his colleagues at Yale University and the Marine Biological Laboratory, and has been applied to various preparations from invertebrates to vertebrates (for reviews, see Refs. [1] [2] [3] [4] [5] [6] . The detection of transmembrane voltage changes from embryonic excitable cells, e.g., cardiac cells and neurons, with VSDs was initially achieved by Dr. Kamino and his colleagues in Tokyo Medical and Dental University (for reviews, see Refs. 7-9).
We herein briefly reviewed the application of VSD recording to the embryonic CNS. We initially discussed several technical considerations and then presented some examples of VSD recording in the embryonic CNS.
Technical Considerations
The brain tissue of early embryos is small and thin. Furthermore, the embryonic brain is histologically loose with immature neurons and connective tissue. The immaturity of the embryonic brain has several advantages in optical recording. The high translucency of the preparation provides a large signal-to-noise ratio (S/N) in absorption measurements because the S/N is proportional to the square root of the background light intensity if the dominant noise is shot noise. 4, 5 The immature cellularinterstitial structure allows the dye to diffuse readily from the surface to the deeper regions and, consequently, stains neurons relatively well. The simple structure and lower complexity of neural populations allows for the easier analysis of optical signal components.
However, the fragility and immaturity of embryonic neurons is disadvantageous for optical recording. Difficulties have been associated with directly comparing signals recorded optically with those measured electrophysiologically. Furthermore, when the meningeal tissue surrounding the brain is removed in order to stain the tissue with the dye, the roots of the cranial and spinal nerves are easily damaged. Postsynaptic potentials fatigue readily; therefore, signal averaging methods often cannot be employed. Since postsynaptic potentials also typically have a slow time course, the waveform of the optical signal is easily affected by various noise sources.
The high translucency of embryonic tissue provides a large S/N in absorption measurements, and thus, absorption, rather than fluorescent, VSDs are commonly employed in embryonic preparations. In absorption measurements, signals arise from a baseline of high intensity transmitted light. Under this condition, a photodiode array is preferable to a charge coupled device or complementary metal oxide semiconductor image sensors. The optimal and most commonly used VSD in embryonic tissue is the merocyanine-rhodanine dye, NK2761. 10 Although oxonol dyes, such as RH155 (NK3041) and RH482 (NK3630), give strong signals in other preparations, they are inferior to NK2761 for early embryonic preparations. NK2761 was designed by Dr. Kamino as an analogue of Dye XXIII. 11 Thus, advances in optical studies on embryonic preparations have benefited from the development of merocyanine dyes in early studies by Dr. Cohen and his colleagues.
Application to the Study of Neuronal Circuit Formation
We have applied VSD recording to the embryonic chick, rat, and mouse nervous systems, and examined the functional organization of neuronal circuits in the embryonic CNS (for reviews, see Refs. 9 and 12-15). The findings obtained revealed that postsynaptic responses in embryonic brainstem nuclei exhibited several common characteristics. (1) Synaptic transmission is mediated by glutamate, and N-methyl-D-aspartate (NMDA) and VIIIc stimulation is indicated below each image. Optical responses were first observed near the nerve entry zone in a region corresponding to the nucleus magnocellularis, nucleus angularis, and nucleus laminaris. Within 50 ms, responses appeared in contralateral areas, corresponding to the contralateral nucleus laminaris and nucleus lemnisci lateralis (white arrowheads in the sixth frame). Within 60 ms, responses were detected in the contralateral cerebellum (white arrowhead in the eighth frame). Finally, at ∼110 ms after stimulation, responses were detected in the ipsilateral nucleus lemnisci lateralis (white arrowhead in the 11th frame). The projection to the contralateral cerebellum had been noted previously in anatomical studies and considered to be a transient anomaly that is later eliminated, but it had not been determined whether it ever became functional. As a demonstration of the power of the approach, the voltage-sensitive dye recording shows that the projection indeed generates a functional synaptic connection, although the function remains unclear. See Ref. 16 Polysynaptic neuronal circuits have been optically identified in several systems, including the auditory, vestibular, vagal, olfactory, and spinal reflex pathways of the chick and the vagal system of the rat. The example of the chick auditory pathway shown in Fig. 1 indicates that cochlear nerve stimulation caused the sequential appearance of postsynaptic responses in the nucleus magnocellularis and nucleus angularis, and then in the nucleus laminaris and nucleus lemnisci lateralis. These findings demonstrated that (1) connections through higher-ordered nuclei have already been generated when or within one day after the afferents to the first-ordered nucleus are established (2) the basic adult connectivity pattern is apparent as soon as the connections become functional.
Application to the Study of Correlated Wave Activity
Cranial nerve stimulation often induces nonspecific, widely spreading wave-like activity during a specific period of development, suggesting that embryonic neurons are functionally correlated over a wide area (for reviews, see Refs. 14 and 17). The correlated wave was first observed with vagus nerve stimulation and was termed the depolarization wave. A significant feature of the wave is that a wide region of the CNS, including the spinal cord, medulla, pons, cerebellum, midbrain, and part of the cerebrum, is recruited across anatomical boundaries. This broadly extended propagation of the wave suggests that the depolarization wave may not serve as a simple regulator of the formation of specific neuronal circuits, but may play a more global role in the development of the CNS. Consistent with this hypothesis, depolarization waves with similar spatial distributions were induced by stimulating various types of cranial and spinal nerves. Furthermore, the depolarization wave occurred spontaneously. These findings showed that the depolarization wave was triggered by multiple sources of external and endogenous activities, confirming that it was not specific to any neuronal circuit.
In addition to chicks, this depolarization wave has been observed in rat and mouse embryos, suggesting that the widely correlated wave is globally generated in different species, including mammals (Fig. 2) . A comparison of depolarization waves between species revealed that they share several common characteristics. (1) In addition to being triggered by sensory inputs, the wave occurs spontaneously from the early stage of development, which is well before sensory pathways are functionally organized. (2) The spontaneous wave is generated by multiple regions rather than a single, fixed pacemaker. (3) The wave is highly correlated across a large number of neurons and propagates over a wide region of the CNS. (4) The wave is mediated by multiple neurotransmitters and possibly gap junctions, and the primary mediator switches from acetylcholine to glutamate as development proceeds. (5) The wave is expressed during a particular period of development. (6) The wave is under homeostatic control, which may act to regulate and maintain the overall excitability of the network. The functional significance of the depolarization wave, especially the necessity of its large-scale coordination over a wide region of the CNS, has not yet been clarified, and deciphering this question is an important challenge for the future.
Conclusion
Optical recording techniques with VSDs have facilitated the characterization of neural responses in the embryonic nervous system. The ability to identify and image the spatiotemporal dynamics of developing neural circuits will allow the fundamental principles involved in the formation of this neural network as well as the functional organization of the embryonic nervous system to be elucidated in more detail.
